Zebrafish esrom mutants have an unusual combination of phenotypes: in addition to a defect in the projection of retinal axons, they have reduced yellow pigmentation. Here, we investigate the pigment phenotype and, from this, provide evidence for an unexpected defect in retinal neurons. Esrom is not required for the differentiation of neural crest precursors into pigment cells, nor is it essential for cell migration, pigment granule biogenesis, or translocation. Instead, loss of yellow color is caused by a deficiency of sepiapterin, a yellow pteridine. The level of several other pteridines is also affected in mutants. Importantly, the cofactor tetrahydrobiopterin (BH4) is drastically reduced in esrom mutants. Mutant retinal neurons also appear deficient in this pteridine. BH4-synthesizing enzymes are active in mutants, indicating a defect in the regulation rather than production of enzymes. Esrom has recently been identified as an ortholog of PAM (protein associated with c-myc), a very large protein involved in synaptogenesis in Drosophila and C. elegans. These data thus introduce a new regulator of pteridine synthesis in a vertebrate and establish a function for the Esrom protein family outside synaptogenesis. They also raise the possibility that neuronal defects are due in part to an abnormality in pteridine synthesis. D
Introduction
Many pigment mutants in different species have been isolated over the past centuries to a large extent because of the ease in identifying them. In the mouse, nearly 100 genes affecting coat color have been collected, while in Drosophila, there are over 85 genes known to regulate eye color. These mutant collections have provided a rich resource for investigating a wide range of cellular events. Analyses of mouse mutants, such as kit (white spotting) and steel, for example, have led to the identification of a signaling pathway that is involved in the migration of neural crest cells as well as germ cells (Barsh, 1996) . The Drosophila eye color mutants fall into several groups, including a group that encodes genes required for synthesis of pigments and another for the formation of pigment granules, a specialized form of lysosomes. Genes in the latter group, such as deep orange and garnet, have orthologs in other species that are required for lysosome biogenesis and are implicated in human diseases (Lloyd et al., 1998) . Pigment mutants are thus interesting not only for the study of pigmentation, but also because they can help shed light on processes that are fundamental to cell and developmental biology of all organisms.
The zebrafish esrom mutant was isolated in two different genetic screens, one for the retinotectal projection and the other for pigmentation. In the retinotectal system, mutant axons were reported to have reduced outgrowth, either failing to cross the midline or stopping prematurely on the optic tectum . As for pigmentation, esrom mutants have a defect in xanthophore-dependent skin color (Odenthal et al., 1996) . Xanthophores are one of three neural crest-derived pigment cells in the zebrafish. Normal pigmentation requires the migration of these cells, as well of formation of pterinosomes, the pigment compartment. The yellow color in xanthophores is caused by an accumulation of sepiapterin in pterinosomes (Le Guyader and Jesuthasan, 2002; Ziegler et al., 2000) . Sepiapterin is one of several pteridines found in eukaryotic cells. Pteridines are synthesized from guanosine triphosphate (GTP), and a possible pathway for the synthesis of sepiapterin in the zebrafish is shown in Fig. 1 (Ziegler, 2003) . Of all pteridines, the most biologically important is tetrahydrobiopterin (BH4), which acts as a cofactor for several enzymes including nitric oxide synthase and tryptophane hydroxylase (Thöny et al., 2000; Werner-Felmayer et al., 2002) . A deficiency in tetrahydrobiopterin is associated with variants of hyperphenylalaninemia and neurological diseases.
It has been proposed that the xanthophore defect in esrom is due to a defect in the localization of pigment granules (Odenthal et al., 1996) . Here, we show that this is not the case. Instead, we provide evidence that there is a defect in pteridine synthesis not only in xanthophores, but possibly also in other cells including retinal neurons. Analysis of the pigment phenotype has thus led to the discovery of an unexpected defect in neurons of the mutant. The esrom gene has been identified by positional cloning (J. D 'Souza et al., 2004) to be an ortholog of the human protein associated with c-myc (PAM) (Guo et al., 1998 )/Drosophila Highwire (Wan et al., 2000) /C. elegans RPM-1 (Schaefer et al., 2000; Zhen et al., 2000) . The PAM protein is thought to function in signal transduction, as it is a potent regulator of adenylate cyclase (Scholich et al., 2001) , and also interacts with Tuberin (Murthy et al., 2004) . Hiw interacts with the BMP pathway (McCabe et al., 2004) and is required for synaptogenesis at the neuromuscular junction (Wan et al., 2000) . These data thus introduce a new regulator of pteridine synthesis, which probably acts at the level of cell signaling. Additionally, these results provide the first function for a PAM ortholog outside the nervous system.
Materials and methods

Strains
The three esrom alleles used in this study, in order of strength, are esr tp03 , esr te75 , and esr te50 . Two other mutants, tilsit (til ty130 ) and tofu (tof tq13 ), were found by complementation analysis to be alleles of esrom.
UV-induced autofluorescence
Embryos were mounted on their side in agarose in Petri dishes and imaged with a Zeiss 510 Laser Scanning Fig. 1 . Proposed pathway for pteridine synthesis in zebrafish. Three enzymes, GTP cyclohydrolase I (GCHI), 6-pyruvoyl tetrahydropterin synthase (PTPS), and sepiapterin reductase (SR), are involved in the synthesis of tetrahydrobiopterin (BH4) from GTP. Sepiapterin is synthesized in a pathway that branches off from the main pathway. x = tetrahydrobiopterin-4a-carbinolamine; y = quinonoid 7,8-dihydrobiopterin; PCD = pterin-4a-carbinolamine dehydratase; DHPR = dihydrobiopterin reductase; TP = 5,6,7,8-tetrahydrobiopterin.
Confocal microscope, using a 405-nm laser and a 10Â and 20Â objective. All images were taken at the level of the yolk extension. The percentage of area covered by xanthophores was measured using MetaMorph (Universal Imaging Corporation): the trunk was outlined as the active region and xanthophores selected by thresholding.
Electron microscopy
Published procedures (Obika, 1993) were used.
Two-dimensional (2D) thin layer chromatography
The procedure, entirely conducted in the dark, was adapted from Frost and Bagnara (1978) . Thirty 58-h-old embryos were homogenized in 250 Al of ice-cold ammonia in 0.1% mercaptoethanol, using 0.6-mm then 0.45-mm bore needle and finally a 0.5-ml glass Potter homogenizer. The extract was centrifuged 15 min at 48C at 15,000 Â g and concentrated for 15 min using a Speedvac. Twenty microliters of the concentrated supernatant (yellow for wild-type and colorless for esrom fish) was spotted onto a 10 Â 10 cm silica gel plate (Merck). After drying for 2 h, migration was conducted in two orthogonal dimensions: first, in n-propanol/ammonia 7% (ratio 2:1) for 110 min, and second, in isopropanol/ammonium acetate 2% (ratio 2:1) for 80 min. The gel was then dried and observed under a DAPI filter (395/420 nm), an FITC filter (488/520 nm), or photographed using a 365-nm lamp without emission filter.
Xanthophore isolation
Two hundred twenty 3-day-old embryos were incubated in ice-cold calcium-free Ringer saline (CFRS) containing 50 mM of EDTA for 30 min under gentle swirling. They were then transferred to 0.5 ml of trypsin 0.25% in calcium-and magnesium-free solution (Gibco) and triturated using a glass Pasteur Pipette to detach pigment cells from the epidermis. Fetal bovine serum (0.2 ml) was added after 10 min to neutralize the trypsin, and the cell suspension was filtered onto a 50-Am mesh using CFRS and centrifuged 10 min at 500 Â g. The supernatant was mostly removed except for the last 500 Al, which was used to resuspend cells before layering onto 12 ml of a 5-50% gradient of Percoll in EDTA 50 mM/CFRS and centrifugation at 1000 Â g for 10 min. Melanophores collected at the bottom of the tube, while xanthophores segregated to a distinct yellow (light gray for esrom embryos) layer directly below the bulk of the cells. Xanthophores were pipetted out, centrifuged 5 min at 500 Â g, and washed twice in CFRS. On the final pellet, 100 Al of TBE (see capillary electrophoresis protocol below) was added and kept in the dark on ice for 15 min for the cells to lyse. Samples were then frozen.
Pteridine analysis
Sepiapterin was extracted and analyzed using capillary electrophoresis as described (Le Guyader and Jesuthasan, 2002) . All other pteridine isolation, analysis on highperformance liquid chromatography (HPLC), and identification were performed following the 1 N HCl extraction protocol and the solvent system I as described (Maier and Ninnemann, 1995) . Starting material was one hundred 3-day-old embryos in aluminum foil frozen and ground in liquid nitrogen after careful removal of all water. KI/I 2 solution was 2% KI/I% I 2 in water. Results were normalized using monapterin (present in amounts below our detection limit) as an internal yield control. All experiments were carried out three times. Detailed analysis of the biopterin species at different reduction states was performed as described (Fukushima and Nixon, 1980; Maier and Ninnemann, 1995) .
Enzyme activity assays
Activity of the enzymes guanosine triphosphate (GTP) cyclohydrolase 1 (GCH1), 6-pyruvoyl tetrahydropterin synthase (PTPS), and sepiapterin reductase (SR) was analyzed as described (Maier and Ninnemann, 1995) except for the following modifications. Incubations for activity measurements were performed at 378C for 60 min. For protein extraction, one hundred 3-day-old embryos were frozen on liquid nitrogen in a tube after water removal, covered with 500 Al of extraction buffer homogenized using a 0.5-ml glass Potter, vortexed 1 min, and centrifuged 14,000 Â g. Low molecular weight substances were then removed from pteridines and cofactors by gel filtration with Sephadex G-25 (NAP-5, Pharmacia). GCH1 was assayed by monitoring synthesis of dihydroneopterin triphosphate (H 2 Npt-PPP) and its derivatives from GTP. The assay mixture (200 Al) contained 130 Al fish extract and 0.2 mM GTP in 50 mM Tris-HCl (pH 7.0). PTPS activity was determined by monitoring BH4 production from H 2 Npt-PPP. The assay mixture (200 Al) contained 75 Al fish extract (purified with Sephadex G25), 2.8 AM H 2 Npt-PPP [synthesized from recombinant GCH1 from E. coli (Maier and Ninnemann, 1995) ], 5 mM MgSO 4 , 10 mM dithiotreitol, 0.2 mM NADPH, and recombinant mouse SR (5 Ag, 144 pmol/ min) in 50 mM triethanolamine-HCl (pH 7.4). Activity of SR was assessed by monitoring dihydrobiopterin (H 2 Bpt) production from sepiapterin in the presence of NADPH. The assay (230 Al) consisted of 90 Al fish extract, 0.2 mM NADPH, 50 AM sepiapterin in 50 mM Tris-HCl (pH 7.0). Clones of the mouse SR and GCH1 were generous gifts from Markus Gqtlich, Technical University of Munich.
Axon outgrowth assay
Retina were dissected and cultured in L15 medium as described previously (Wagle et al., 2004) . Fragments of one retina were placed in one well of an 8-well slide chamber (Nunc) precoated with polylysine (50 Ag/ml) and laminin (50 Ag/ml). N-acetylserotonin (NAS) (Sigma) was dissolved in ethanol, diluted with medium to 50 times the required final concentration, and then added to the culture. The final concentration of ethanol was 1%. BH4 (Schircks, Switzerland) was stored at À808C under nitrogen in gas-tight tubes and kept in the dark. It was freshly diluted in medium containing 0.1% ascorbic acid (cell culture grade, Sigma).
After 8 h of culture time, explants were fixed for 15 min with 4% formaldehyde/2% sucrose/PBS. After two rinses in PBS, they were mounted in 70% glycerol/PBS. To quantitate axon growth, clumps of cultured retina were imaged with a 40Â phase objective on a Zeiss Axiovert, using a Spot CCD camera. All axons were traced manually and their number recorded using MetaVue software. All experiments were repeated at least three times.
N-acetyl serotonin (NAS) injection
Embryos were injected at the one-cell stage with 1.5-nl 33-mM NAS, dissolved in 0.2 M KCl, using a gas-pressure injector. As a control, embryos were injected with 0.2 mM KCl. To visualize the retinotectal projection, DiI (Molecular Probes) was injected into the eye, and the tectum imaged using confocal microscopy. The retinotectal projection was examined only in morphologically normal embryos.
Results
Xanthophores in the esrom mutant
The esrom mutation causes zebrafish larvae to have a pale yellow color, in contrast to wild types (Fig. 2) . The fact that there is some color suggests that the pigmentation defect is not due to an absence of xanthophores. This is confirmed by two techniques that enable visualization of xanthophores in living embryos. First, when imaged with 405-nm illumination, which causes pteridines to autofluoresce, xanthophores could be seen migrating within the body of mutants (Figs. 3A, B) . The percentage average area covered by xanthophores on the trunk (F standard deviation; n = 4) is 34% F 1.5% for esrom and 32% F 1.3% for wild types. Second, when embryos were grown in medium containing methylene blue, a redox dye which labels pterinosomes blue (Le Guyader and Jesuthasan, 2002) , colored cells could be seen in mutants; in wild types, these cells appeared green due to the presence of sepiapterin. Both methods indicate that xanthophore early differentiation, density, and migration are normal in esrom mutants.
Pigment cells become pale when pigment granules are aggregated to the center of the cell (Nery and Castrucci, 1997) . However, this is unlikely to be the cause of the esrom phenotype, as 405-nm induced pteridine autofluorescence is uniform throughout mutant and wild-type xanthophores. Moreover, when methylene blue-labeled embryos were examined at high magnification, pigment granules appeared evenly distributed throughout xanthophores in both mutants and wild types (Figs. 3E, F) . The defect in esrom is thus not due to a mislocalization of pigment granules. The abnormal pterinosome localization in mutants reported previously (Odenthal et al., 1996) may be caused by the fact that embryos had been subjected to ammonia treatment as well as prolonged UV illumination, which causes aggregation of pterinosomes (Oshima et al., 1998) .
A number of mutants in different animals have abnormal pigmentation because of defects in vesicle trafficking that prevent formation of pterinosomes, the intracellular compartment containing pigment molecules (Odorizzi et al., 1998 ). At the electron microscope level, however, no apparent difference could be seen in the size or shape of these compartments in esrom mutant compared to siblings (Fig. 4) . This suggests that there is no gross defect in intracellular vesicle trafficking, at least at the level of pterinosome biogenesis.
Pteridines in the esrom mutant
When illuminated with blue light, xanthophores in wildtype larvae fluoresce in green primarily because of the autofluorescence of sepiapterin. This autofluorescence is reduced in esrom mutants (Figs. 5A, B) , indicating a loss of sepiapterin. Two-dimensional thin layer chromatography supported the notion that this pteridine was affected: although no differences between wild type and mutants were detected using a DAPI filter, one spot was missing in the mutant extract using an FITC filter set (data not shown). To confirm the identity of the missing pteridine, sepiapterin and flavins were coextracted from zebrafish larvae and analyzed using capillary electrophoresis with a detector measuring blue light-induced fluorescence. Flavins, flavin adenosine dinucleotide (FAD), flavin mononucleotide (FMN) and riboflavin (RFL), are small molecules that autofluoresce under blue light and could also contribute to xanthophore autofluorescence (Bagnara, 1966) . The levels of all three flavins were comparable in esrom mutant and wild-type fish indicating similar extraction yields (Fig. 5C ). In contrast, sepiapterin was reduced by 84.5% in mutants. Xanthophores were isolated from zebrafish embryos then analyzed using capillary electrophoresis. Again, a reduction in sepiapterin content was found in mutants (Table 1 ). These data establish that the reduced xanthophore pigmentation in esrom is caused by a deficiency in sepiapterin. A complete analysis of the pteridine profile of esrom mutants was carried out, using high-performance liquid chromatography (HPLC) equipped with a UV emission and blue light detector. As summarized in Table 1 , several pteridines were affected in the esrom extract: isoxanthopterin (IXpt) was increased and BH4 was strongly decreased. Dihydroxanthopterin (H 2 Xpt) and 6-carboxypterin (6CPt), both degradation products of BH4 and sepiapterin (Bagnara, 1966; Thomas et al., 2000) , were also reduced in esrom mutant fish. The pteridines colored red in Fig. 1 are reduced in esrommutants, while those colored green are increased.
Enzymes in the pteridine synthesis pathway
The difference in pteridine levels between wild types and mutants may be due to a defect in the synthesis of enzymes involved in the pathway. Three enzymes, namely, GTP cyclohydrolase I (GCHI), 6-pyruvoyl tetrahydropterin synthase (PTPS), and sepiapterin reductase, were thus examined (Table 2) . To assay for GCHI, GTP was incubated with a protein extract from 3-day-old zebrafish larvae, and dihydroneopterin triphosphate production measured. GCHI, which is the rate-limiting enzyme in BH4 synthesis, was present in esrom mutants, with activity similar to wild-type levels.
In the PTPS assay, GTP was incubated with protein extract and Mg 2+ . The PTP that is synthesized is converted to BH4 by sepiapterin reductase that is present in the extract. The rate of BH4 production was similar in esrom and wildtype fish. To more efficiently convert the unstable PTP to BH4, recombinant mouse sepiapterin reductase and its cofactor NADPH were added. This assay, which more accurately reflects the true activity of PTPS, also gave similar values for esrom and wild type. To test for sepiapterin reductase activity, the ability of the enzyme to convert sepiapterin to tetrahydrobiopterin in vitro was used. Again, similar reaction rates were seen with extracts from wild types and esrom mutants. This finding and the fact that BH4 was produced from PTP in the PTPS assay provide evidence that sepiapterin reductase, like GCHI and PTPS, is synthesized normally in esrom mutants. These data establish that esrom is not required for the production of the three enzymes involved in BH4 synthesis.
Cell autonomy of the esrom gene
Cell transplantation (Ho and Kane, 1990 ) between esrom and siblings was carried out to determine if the esrom gene acts in a cell-autonomous manner in xanthophores. Cells were transplanted at the 30%-epiboly stage, and host embryos were assessed at 3 days postfertilization for the presence of TRITC-labeled transplanted cells that had differentiated into xanthophores. Wild-type cells that differentiated into xanthophores in an esrom embryo were able to synthesize sepiapterin, as indicated by the fact that they autofluoresced in green (Fig. 6A) . Mutant cells in a wild-type embryo, in contrast, did not autofluoresce (Fig. 6B ), although they differentiated into cells that bore the characteristic morphology of xanthophores. The extracellular environment of esrom mutants is thus able to support sepiapterin synthesis, while mutant cells are defective in a cell-autonomous manner.
BH4 in retinal neurons
We sought to determine whether retinal neurons in esrom mutants could be deficient in BH4. This could not be done directly, as the amount of BH4 in these cells was below the detection limit of our instruments. We thus approached the question indirectly, using an in vitro assay. When retinal explants were placed in culture, retinal ganglion cells extended their axons. Outgrowth was reduced by Nacetylserotonin (NAS), an inhibitor of sepiapterin reductase (Smith et al., 1992) , in a dose-dependent manner (Fig. 7A) . The action of NAS is specific, as outgrowth could be rescued by adding exogenous BH4 (Fig. 7B) . Strikingly, retinal axons from esrom mutants were more sensitive to NAS (Fig. 7A) , consistent with mutant retinal axons having a reduced amount of BH4. To test whether a reduction in BH4 levels affects retinal axons in vivo, NAS was injected into embryos at the one-cell stage. When examined at 4 days postfertilization, 25 out of 40 NAS-injected embryos appeared morphologically normal; all KCl-injected embryos appeared normal. In control-injected fish, axons reached the posterior tectum in all embryos imaged ( Fig. 7C ; n = 5). In NAS-injected fish, in contrast, although retinal axons could be seen in the optic nerve and tract, few fibers innervated the tectum ( Fig. 7D ; 6 out of 10 embryos imaged). These observations are consistent with the notion that BH4 has some role in the outgrowth of axons from the retina to the tectum.
Discussion
Orthologs of esrom have been described in other species, where they have been assigned very different functions. The human protein, PAM, was isolated originally in a screen for proteins that bind c-myc (Guo et al., 1998) . Drosophila highwire and C. elegans rpm-1 were identified as genes that regulate axon branching and synaptogenesis (Schaefer et al., 2000; Wan et al., 2000; Zhen et al., 2000) . A mouse with a deletion including the PAM ortholog phr1 also has neuronal defects (Burgess et al., 2004) . Intriguingly, the expression of the gene is restricted to the nervous system in Drosophila, whereas it is far more widespread in vertebrates; in zebrafish, esrom expression is virtually ubiquitous (J. D 'Souza et al., 2004) . This suggests that the gene has additional roles in vertebrates, beyond those in synaptogenesis that have been identified in C. elegans and Drosophila.
This paper establishes that one additional role of this protein family, at least in zebrafish, is in the regulation of pteridine synthesis. In xanthophores, Esrom is required for the synthesis of high levels of sepiapterin. We propose that Esrom regulates the levels of BH4 in most cells. Some pteridines, such as isoxanthopterin, are found at higher levels in the esrom mutant. Esrom may regulate a previously proposed switch (Ziegler, 2003) in the pteridine synthesis pathway, diverting pteridines away from the reduced forms towards the oxidized forms.
A number of findings indicate that Esrom is involved in signal transduction. The human ortholog was identified as a potent inhibitor of several isoforms of adenylate cyclase (Scholich et al., 2001) ; the region important for this function is mutated in two esrom alleles. Moreover, the C-terminus binds Tuberin, the product of the TSC2 gene (Murthy et al., 2004) . Tuberin functions upstream of Rheb to regulate protein synthesis via TOR (Inoki et al., 2003) , and with its partner Hamartin, it can regulate a number of proteins in signaling pathways, including h-catenin and Rho. The importance of the C-terminus is indicated by the fact that a substitution in a conserved cysteine in this region causes a strong phenotype, as does a morpholino targeted to a splice site here (J. D 'Souza et al., 2004) . It is thus possible that Esrom regulates pteridine synthesis by mediating signal transduction.
The neuronal phenotypes in the esrom mutant are complex. Defects in the pathways in which the Esrom protein is involved, for example, Tuberin phosphorylation (J. D 'Souza et al., 2004) , are very likely to be involved in several of the mutant phenotypes, for example, fasciculation and topographic mapping. However, the fact that BH4 levels are reduced in retinal axons opens up another possibility as to the cellular basis for the mutant phenotype: given the effect of NAS on retinal neurons, it is possible that the reduced outgrowth phenotype reported previously Trowe et al., 1996) is caused, perhaps in part, by a deficiency in BH4. Enzymes required for BH4 synthesis have, in fact, been detected in retinal ganglion cells in the chick (Holdengreber et al., 2002) , and BH4 might function in regulating axon outgrowth through its effect on calcium channels (Shiraki et al., 1996) .
In summary, these findings establish a new role for a member of the PAM/Highwire/RPM-1 protein family and introduce a new regulator of pteridine synthesis. The function of esrom in pteridine regulation may be conserved in other vertebrates, including humans. Several human diseases, including autism, depression, atypical phenylketonuria, Alzheimer disease, and Parkinson disease, are associated with abnormal levels of BH4 in the brain. It should thus be of clinical interest to examine if and how PAM functions in regulating pteridines. Given the ease at which the xanthophore phenotype can be screened, the zebrafish esrom mutant provides a useful system to identify genes and small molecules that interact with the Esrom protein.
